To decrease radiation exposure to medical staff performing angiography, the dose distribution in the angiography was calculated in room using the particle and heavy ion transport code system (PHITS), which is based on Monte Carlo code, and the source of scattered radiation was confirmed using a tungsten sheet by considering the difference shielding performance among different sheet placements. Scattered radiation generated from a flat panel detector, X-ray tube and bed was calculated using the PHITS. In this experiment, the source of scattered radiation was identified as the phantom or acrylic window attached to the X-ray tube thus, a protection curtain was placed on the bed to shield against scattered radiation at low positions. There was an average difference of 20% between the measured and calculated values. The H*(10) value decreased after placing the sheet on the right side of the phantom. Thus, the curtain could decrease scattered radiation.
INTRODUCTION
Angiography is an examination used to visualize the form or running of a blood vessel by using a contrast medium through a catheter (1) . Interventional radiology, which has been recently introduced (2) , is applied for the vessel under fluoroscopy. Prolong fluoroscopy and repeated radiography result in significant radiation exposure to the medical staff because of the generation of scattered radiation (3) . The medical staff wears a radiation protection apron to protect the body, however, this apron is heavy and causes stress. Additionally, the apron cannot protect the head or limbs, thus, physicians are exposed to radiation for a long time, increasing cancer risks (4) . Moreover, in abdominal angiography, which is a contrast-enhanced examination, for example, a drape was attached to the image intensifier and draped over the patient to decrease scattered radiation exposure to medical staff in endscopic retrograde chorangiopancreatography (5, 6) . The International Commission on Radiation Protection has recommended the reduction of the dose limits for the lens (7) . Because of this situation, identifying the source of scattered radiation and considering the dose distribution or effective shielding methods are expected to decrease radiation exposure in angiography (8, 9) . In this study, the dose distribution and source of scattered radiation were evaluated using Monte Carlo simulation (10) . To confirm the reproducibility of the Monte Carlo simulation, which involves the checking of the reliability of its accuracy, the dose distribution in the angiography room was measured and compared with the value calculated from the simulation. Moreover, the ambient dose equivalent (H*(10)) was measured using a radiation protection sheet to identify the source of scattered radiation.
MATERIALS AND METHODS
A Philips Allura Clarity angiography system (Philips Medical Systems, Best, The Netherlands) was used. The tube voltage can be set from 40 to 125 kV, and the maximum output of the X-ray tube is 30 kW for the focus at 0.4 mm and 65 kW for the focus at 0.7 mm. This system is installed in the National Hospital Organization Kyushu Medical Center and has passed the quality control tests of the manufacturer. Furthermore, the tube voltage is confirmed irregularly by using a noncontact-type X-ray detector. To measure H*(10), an ionization chamber survey meter (ICS-311, ICS-323C; Hitachi Aloka Medical, Tokyo, Japan) was utilized. A radiation protection sheet (NIPPON TUNGSTEN Co., Ltd., Fukuoka, Japan) was used to identify the source of scattered radiation. The radiation protection sheet comprised a tungsten sheet composed of 97 wt% tungsten and 3 wt% polyethylene with a length of 100 cm, width of 25 cm and thickness of 0.1 cm. The sheet weighed 3.4 kg, and its shielding ability was equivalent to 1 mm Pb (Figure 1) . The difference between the results of measurement and calculation was calculated using the following equations:
MEASUREMENT AND CALCULATION OF THE DOSE DISTRIBUTION IN THE ANGIOGRAPHY ROOM
First, the dose distribution was measured in the angiography room and compared with the simulated dose distribution. Measurements were conducted at the National Hospital Organization Kyushu Medical Center. As shown in Figure 2 , measurement points were located on concentric circles with radii of 100, 200 and 300 cm with its center being the isocenter. Furthermore, the angle of measurement points on the circle varied from 0°to 315°in 45°increments (9) . Therefore, H*(10) was measured at 16 points ( Figure 2 ) from heights of 70, 120 and 155 cm at each measurement point.
An acrylic phantom measuring 40 cm × 40 cm × 20 cm was used to represent the chest of a patient lying on the bed because we assumed that the scattered radiation would be generated from the chest, the volume of which is greater than that of other parts of the body. The fluoroscopic setting was as follows: tube voltage of 80 kV, field size measuring 17 in × 17 in and distance between the source and image of 100 cm. The distance between the flat panel detector (FPD) and the surface of the acrylic phantom was 10 cm. X-ray exposure was from the floor toward the ceiling. The measurement value was the cumulative dose for 10 s at the circle with a radius of 100 cm and for 20 s at the circles with radii of 200 and 300 cm. The longer time is required for the circles with radii of 200 and 300 cm because the value of the dose was too small to be detected.
Next, H*(10) was calculated using the particle and heavy ion transport code system (PHITS), which uses the Monte Carlo simulation. The geometric condition was similar to that of the measurement, and the fluoroscopic condition was the same as that of measurement. The PHITS (version 2.80) was used for calculation in the EGS5 mode, which is implemented in the PHITS. This mode is especially useful for calculations involving the photons and electrons. The cut-off energy of the photon was set as 1.0 keV. Under the fluoroscopic condition, the source was presumed to be a square of side 1 mm. Moreover, inherent filtration of 2.5 mmAl, an additional aluminum filter of 1.0 mm thickness and an additional copper filter of 0.4 mm thickness were considered as the radiation exposure conditions. These filters are used to remove the component of the low-energy X-rays. A copper filter is placed at the side of the X-ray tube and an aluminum filter is placed at the side of the output in order to remove the high-energy scattered radiation generated from a copper filter. This filter combination is the same as the actual measurement condition. The influence of this filter was considered using free software programs (11, 12) . Therefore, the energy spectrum used in the calculation was similar to the actual energy spectrum. The X-ray beam was conical and the radiation field had a square shape because the X-ray beam was collimated by lead collimators. 
SHIELDING EFFECT OF THE RADIATION PROTECTION SHEET
To decrease radiation exposure to the medical staff, the source of scattered radiation and methods to shield against scattered radiation were evaluated using a radiation protection sheet. The radiation protection sheet was placed at five positions on the angiography equipment (Table 1) . In Position 1, the tungsten sheet was not used and measurement was conducted normally. In Position 2, the sheet was placed on the hand table on the right side ( Figure 3a) . In Position 3, the sheet was wrapped around the FPD. This sheet was hanged down by 10 cm from the bottom of the FPD in Position 4 ( Figure 3b ) and placed near the right side of the phantom in Position 5 ( Figure 3c ). H*(10) was measured near measurement point 1 at a height of 155 cm. The tube voltage was set as 77 kV, tube current as 2.7 mA, exposure time as 20 s and the field size measured 17 in × 17 in under fluoroscopic conditions.
EFFECTIVENESS OF THE PROTECTION CURTAIN
To identify the source of scattered radiation, the photon generated as scattered radiation from each equipment was calculated using the PHITS. We attempted to decrease the scattered radiation. In particular, we attempted to shield against scattered radiation at low positions, thus, a protection curtain was placed on the bed (Figure 4 ). Additionally, a tungsten sheet was placed on the side of the phantom or on the hand table, and changes in the H*(10) were evaluated.
RESULTS

Dose Distribution in the Angiography Room
The measured value of H*(10) in the angiography room is shown in Figure 5 . Additionally, the dose distribution around the angiography device calculated using the Monte Carlo simulation is shown in Figure 6 .
The normalized measurement and calculation values of H*(10) are shown in Figure 7 . The data were normalized to the maximum value at each measurement point. The horizontal axis indicates the measurement points, and the vertical axis indicates the relative value of H*(10). The maximum, minimum and average differences of the relative value between the measurement and calculation are listed in Table 2 . Figure 8 shows the scattered radiation at each sheet position normalized to that at Position 1. 
SHIELDING EFFECT WITH THE TUNGSTEN SHEET
INFORMATION ON SCATTERED RADIATION CALCULATED WITH THE PHITS AND EFFECTIVENESS OF THE PROTECTION CURTAIN
By using the PHITS, we obtained information on the photon and particles that has been difficult to measure. Figure 9 shows the relative H*(10) generated from the FPD, acrylic window attached to the X-ray tube, phantom and bed. The relative H*(10) indicates the ratio of H*(10) at physician's position to the incident dose. The measurement points were the physician's position and height ranged from 0 to 180 cm. Moreover, Figure 10 shows the dose distribution occurring when the tungsten sheet was placed on the hand table and the protection curtain was attached to the bed.
DISCUSSION
Measuring and Calculating the Dose Distribution in the Angiography Room H*(10) decreased with increasing radius at each height ( Figure 5) . Furthermore, at some points, H*(10) did not decrease when the height increased, because Xrays were scattered more toward the ceiling, rather than beside the phantom or bed, when the exposure was from the floor toward the ceiling. There was asymmetry between the horizontal plane and the beam axis at each height. Therefore, the dose distribution of scattered radiation was considered to change with respect to the placement of the device and equipment. In this study, the dose distribution was visually observed. The understanding obtained from the visualization of the dose distribution is one of the benefits of the simulation because it is easy to consider the position of the shielding materials, and it is possible to cut costs or decrease the time required. The measurement of the dose distribution through radiation detection takes a much higher amount of time and has greater cost because the dose at each location in the angiography room needs to be measured, and prepare the radiation detection equipment, measuring tape and so on.
There was an average difference of 20% between the measured and calculated values. The difference was small at a height of 70 cm, whereas the calculated value tended to be large at a height of 120 cm. On the other hand, the measured value tended to be large at a height of 155 cm. The height of the bed is equal to 120 cm, and the difference in material Table 1 . The vertical axis represents the ratio of H*(10), which is the value of H*(10) normalized to the value at Position 1.
density may have caused the greater amount of scattered radiation because the amount of scattered radiation is depends on the density. The cumulative dose at a height of 155 cm was measured using an ionization survey meter, which had a range of 0.3-10 μSv when cumulative 1 cm dose equivalent was measured (13) . For this reason, cumulative 1 cm dose equivalent was only measured within this range. However, the read value of cumulative 1 cm dose equivalent was the lower limit of the range of the ionization survey meter, although the value was actually under the limit of detection. Thus, the value was overestimated in the simulation. The difference in the circle with a radius of 100 cm was considered to be due to a leakage dose from the X-ray tube or scattered radiation from the additional filter. In this simulation, the X-ray had an energy spectrum that was considered in advance to be influenced by the additional filter in order to shorten the calculation time. The value was small at the measurement points on the circle with radius of 300 cm, and the accuracy was unreliable. In other words, it was difficult to read the value of the survey meter because the motion of the pointer of the survey meter was small. Measurement point 13 was hidden by the bed supporter, thus, the number of incident photons was small and reproducibility was decreased. In other words, the difference between the measurement and calculation at measurement point 13 is greater than at the other measurement points. These findings suggest that more time was needed to increase the accuracy. Moreover, the value of H*(10) was very small, thus, from the viewpoint of radiation shielding, it is important to evaluate radiation near the source. To increase the accuracy, it is important to measure the dose distribution using detectors that have a wide range to measure smaller values and to create the geometry accurately with the PHITS. The material density must also be considered because the amount of scattered radiation varies according to the density.
SHIELDING EFFECT OF THE RADIATION PROTECTION SHEET
The placement of the radiation sheet on the side of the phantom was the most effective method to decrease scattered radiation. The H*(10) ratio was near 30% at the physician's position and at a height of 155 cm. On the other hand, scattered radiation did not decrease when the sheet was placed on the hand table or FPD. Therefore, the main source of scattered radiation was the phantom.
THE INFORMATION FROM THE PHITS
By using the PHITS, we could acquire values that were difficult to measure. In this study, scattered radiation generated from some structures was calculated. According to the calculation, scattered radiation generated from the FPD was less than that of the acrylic window attached to the X-ray tube and phantom. As a result, the main source of scattered radiation was determined to be the phantom and acrylic window. This result supported the results of the experiment with the tungsten sheet. Moreover, methods used shield scattered radiation from the acrylic window must be considered (14) . The protection curtain was attached to the bed to shield against scattered radiation, and scattered radiation at higher positions decreased on placing the tungsten sheet on the hand table. Figure 11 shows that the protection curtain could shield scattered radiation effectively when placed at a low position. In addition, the value of H*(10) at a high position was small when the tungsten sheet was placed on the side of the phantom. However, when the tungsten sheet was placed on the bed, it was considered an obstacle. Therefore, H*(10) was evaluated by placing the sheet on the hand table, rather than on the bed. Overall, the higher the sheet was placed, the smaller was the H*(10) value (Figure 12 ). However, if this method is used in a clinical setting, then the height of the sheet would be limited.
CONCLUSION
The dose distribution in an angiography room was simulated, and the average difference between the simulation and measurement values was 20%. Therefore, the simulation could be utilized as a reference for radiation protection. The main source of scattered radiation was determined to be the acrylic window attached to the X-ray tube and phantom. A protection curtain was effective in decreasing scattered radiation at low positions. T in the bar chart represents the height of the tungsten sheet from the surface of the phantom at the hand table (cm). The relative H*(10) was the value that was normalized to the incident dose.
